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The  dependence  of  the  absorption  spectral  linewidth  of  quantum  well  intersubband  transitions  on  the 
electron  population  in  the  well  is  experimentally  demonstrated.  We  show  that  the  dependence  of  the 
spectral  linewidth  on  the  population  is  substantial  and  accounts  for  some  of  the  broadening 
previously  attributed  to  donor  scattering.  ©  1997  American  Institute  of  Physics. 
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In  the  single  band  model,  also  known  as  the  parabolic 
effective  mass  model,  intersubband  transitions  in  quantum 
wells  (QWs)  are  discrete.  In  practice,  electron-electron  inter¬ 
action,  QW  width  nonuniformity,  electron  interactions  with 
rough  interfaces  and  with  impurities  and  their  enhancement 
by  electric  fields,  and  the  optical  and  acoustic  phonons  con¬ 
tribute  to  the  experimentally  observed  linewidth  of  intersub¬ 
band  transition  in  QWs. 1-5  There  have  been  quite  a  few  the¬ 
oretical  reports  to  explain  the  experimental  observation,  1-8 
and,  there  has  been  controversy  over  the  contribution  of 
population  density  to  the  intersubband  broadening.  Bandara 
et  al.6'7  predicted  that  the  dependence  of  the  exchange  inter¬ 
action  on  the  in-plane  momentum  (k||)  could  contribute  a 
substantial  fraction  of  experimentally  observed  linewidths. 
Zaluzny,8  on  the  other  hand,  claimed  that  the  k  dependence 
is  offset  by  the  depolarization  and  excitonlike  manybody  ef¬ 
fects.  In  this  letter,  we  report  on  the  experimental  study  of 
the  dependence  of  intersubband  transition  broadening  on 
electron  population  using  a  structure  consisting  of  50  periods 
of  an  asymmetric  coupled  double  QWs  (ACDQWs).  Exter¬ 
nal  applied  bias  was  used  to  shift  the  population  between  the 
coupled  QWs  whose  absorption  was  measured  with  a  mono- 
lithically  integrated  QW  infrared  photodetector  (QWIP)  di¬ 
rectly  on  the  ACDQW  structure.9'10 

The  monolithically  integrated  structure  was  grown  by 
molecular  beam  epitaxy  on  a  (100)  semi-insulating  GaAs 
substrate.  The  ACDQWs  consisted  of  an  undoped  9-nm- 
thick  GaAs  narrow  well,  an  undoped  3-nm-thick 
Al04Ga06As  barrier,  and  a  selectively  doped  10.8-nm-thick 
GaAs  wide  well.  The  wide  well  was  nominally  Si  doped  to 
2  X  1018  cm~3  from  0.5  to  4.5  nm  away  from  the  barrier.  The 
periods  were  separated  by  42.2  nm  of  undoped 
Al04Ga06As  layers.  This  structure  was  designed  to  provide 
the  largest  possible  charge  transfer  between  the  narrow  well 
and  the  wide  well  with  external  applied  bias.  The  absorption 
spectrum  of  the  monolithically  integrated  QWIP  was  de¬ 
signed  to  overlap  with  that  of  the  narrow  well  in  the 
ACDQWs,  while  the  wide  well  in  the  ACDQWs  had  an  ab¬ 
sorption  spectrum  peaked  at  the  tail  of  the  QWIP  photore¬ 
sponse  spectrum.  The  QWIP  was  separated  from  the 
ACDQW  structure  by  a  0.6-/r,m-n+-GaAs  and  a  0.2-/rm 
GaAs  buffer  layer.  The  QWIP  consisted  of  15  periods  of 
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6.5-nm-thick  Si-doped  GaAs  wells  with  nominal  doping  den¬ 
sity  of  1.1  X  1012  cm~2  and  44-nm-thick  Al0  18Ga0  82As  bar¬ 
riers.  The  absorption  spectrum  of  the  grown  structure,  shown 
in  Fig.  1,  was  performed  using  Fourier  transform  spectrom¬ 
eter  with  1000  K  blackbody  radiation  source.  The  sample 
was  prepared  in  multiple  pass  geometry  using  45°  polished 
edge  mirrors.  The  absorption  spectrum  of  ACDQWs  was 
measured  by  removing  the  QWIP  layer.  The  QWIP  absorp¬ 
tion  spectrum  was  calculated  from  the  spectra  of  the 
ACDQWs  with  and  without  QWIP. 

The  monolithic  integrated  device,  shown  in  the  inset  of 
Fig.  2,  was  mesa  structure  fabricated  by  two-step  wet  etch¬ 
ing.  The  linewidth  measurements  for  different  external  bi¬ 
ases  on  the  ACDQW  structure  were  made  at  10  K  with  con¬ 
stant  bias  on  the  QWIP.  Figure  2  shows  the  absorbance 
spectrum  calculated  from  the  ratio  of  the  photoresponse 
spectra  of  the  QWIP  while  the  ACDQWs  were  under  differ¬ 
ent  biases.  By  curve  fitting  the  result,  the  integrated  absor¬ 
bance  for  the  ACDQWs  at  different  biases  was  obtained.  As 
shown  in  Fig.  3(a),  the  integrated  absorbance  increases  al¬ 
most  linearly  with  the  application  of  external  bias  for  the 
narrow  well  transition,  corresponding  to  the  transfer  of  popu¬ 
lation  from  the  wide  well  to  the  narrow  well.  At  zero  bias, 
the  population  in  the  narrow  well  is  about  0.5  X  1012  cm~2 
and  the  broadening  is  T~3.75  meV.  As  is  clearly  shown  in 
Fig.  3(b),  the  broadening  increases  with  external  bias.  From 
the  integrated  absorbance  and  the  ACDQW  parameters,  the 
population  in  the  narrow  well  was  calculated.  Before  the 
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FIG.  1.  Absorption  spectra  of  the  grown  structure  at  room  temperature. 
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FIG.  2.  Absorbance  spectrum  of  the  ACDQWs,  calculated  from  the  ratio  of 
the  photoresponse  spectra  of  the  QWIP.  Inset:  the  monolithic  integrated 
device  structure. 
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conclusion  of  population-induced  linewidth  broadening  be¬ 
ing  measured  could  be  made,  different  broadening  mecha¬ 
nisms  are  reviewed.  The  contribution  from  electron-electron 
dephasing  broadening  is  expected  to  be  small  at  these 
populations.1  From  the  theoretical  model,4  and  from  the  bias- 
induced  broadening  of  constant  population  wells,  the  bias- 
induced  broadening  due  to  interface  roughness  and  impurity 
scattering  was  estimated  to  contribute  less  than  1  meV  to  the 
measured  full  width  at  half-maximum  (FWHM).  The  effec¬ 
tive  nonparabolicity  created  by  the  in-plane  momentum  de¬ 
pendence  of  the  exchange  interaction9  can  be  one  of  the  main 
factors  which  could  explain  the  measured  broadening.  It 
should  be  noticed  that  the  single-particle  energy  band  non¬ 
parabolicity  may  also  contribute  to  the  linewidth11  (at  most 
up  to  —4.5  meV  at  the  highest  bias),  part  of  which  will  be 
compensated  by  depolarization  and  exciton  effects.  Because 
the  exchange  interaction  makes  a  large  contribution  to  the 
broadening,  we  expect  that  the  depolarization  and  exciton 
effects  may  contribute  by  reducing  the  theoretical 
broadening,8  but  they  will  not  change  the  situation  drasti- 
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FIG.  3.  Absorption  characteristics  of  the  narrow  well  as  a  function  of  ex¬ 
ternal  bias  at  T=  10  K.  (a)  The  integrated  absorbance  and  population  in  the 
narrow  well  vs  external  bias,  (b)  FWHM  vs  external  bias. 


FIG.  4.  Experimental  (a)  integrated  absorbance  and  (b)  FWHM  vs  tempera¬ 
ture  for  the  narrow  and  wide  wells. 

cally.  Our  experimental  results  show  that  the  linewidth  in¬ 
creases  with  the  electron  population  instead  of  the  predicted 
constant  broadening.8  For  populations  less  than  1 
X1011  cm  2,  the  minimum  broadening  is  limited  by  other 
broadening  mechanisms.  When  the  population  is  around  4 
X1011  cm~2  the  ground  states  anticross.  The  delocalization 
of  the  ground  states  between  the  two  wells  at  the  crossover 
biases  of  around  14  V  is  expected  to  lead  an  increase  in 
impurity  scattering  and  in  field-induced  scattering  at  the  in¬ 
terfaces.  Figure  3  shows  that  this  broadening  was  not  signifi¬ 
cant  as  no  appreciable  peak  in  the  FWHM  was  measured  for 
these  biases.  The  expected  crossing  of  the  ground  states  at 
high  biases  was  supported  by  the  measurement  of  a  redshift 
in  the  absorption  peak  position. 

As  a  further  check  on  our  results,  the  absorption  spectra 
at  different  temperatures  were  measured  in  multiple  pass  ge¬ 
ometry  using  45°  polished  edge  mirrors.  No  bias  was  applied 
so  that  the  population  of  the  narrow  QW  was  a  function  of 
temperature  only.  With  the  given  doping  density,  the  popu¬ 
lation  changes  in  the  narrow  well  and  the  wide  well  with 
temperature  are  due  to  electron  redistribution  between  the 
coupled  QWs  and  the  bound  state  energy  shifts  caused  by 
manybody  effects.  The  integrated  absorbance  and  the 
FWHM  as  a  function  of  temperature  for  both  the  narrow  and 
wide  wells  are  plotted  in  Fig.  4.  At  room  temperature,  the 
population  in  the  narrow  well  increased  to  about  22%  of  the 
total  population,  and  the  corresponding  broadening  was  T 
—  6.6  meV.  The  lowest  temperature  for  this  multiple  pass 
absorption  experiment  is  limited  to  83  K  due  to  the  experi¬ 
mental  setup.  It  is  seen  in  Fig.  4  that  varying  the  temperature 
from  83  to  380  K  caused  an  increase  of  the  linewidth  of  5.5 
meV  (from  3.2  to  8.7  meV)  in  the  narrow  well.  At  the  same 
time,  the  FWHM  of  the  wide  well  increased  by  only  1.9 
meV,  from  9.3  to  1 1.2  meV.  Apparently,  the  linewidth  due  to 
temperature  effect  is  significant.  This  could  be  explained 
through  the  occupation  of  higher  momentum  states  at  higher 
temperatures,  and  thus  the  increased  effect  of  nonparabolic¬ 
ity  due  to  single  or  many-particle  effects.  As  the  temperature 
increased  from  83  to  380  K,  the  population-induced  broad¬ 
ening  in  the  wide  well,  whose  population  dropped,  acted 
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counter  temperature-induced  increase  in  linewidth.  In  the 
narrow  well,  which  gained  population,  the  population- 
induced  broadening  assisted  the  linewidth  increase  due  to  the 
temperature  effect.  The  large  difference  of  the  FWHM  be¬ 
tween  low  and  room  temperature  (much  larger  than  the  typi¬ 
cally  measured  value  for  constant  well  population)  is  again 
an  indication  of  the  important  role  of  population-induced 
broadening  in  intersubband  transitions. 

Although  the  population  dependence  of  intersubband 
transition  linewidth  may  be  material  dependent,  our  experi¬ 
mental  results  show  that  population-induced  broadening  is 
very  important  in  the  spectral  measurement  of  intersubband 
transitions  in  QWs.  Even  with  the  donors  0.5  nm  away  from 
the  3-nm-thick  barrier  in  our  experiment,  a  broadening  as 
small  as  3.75  meV  was  achieved.  Thus,  the  broadening  may 
not  be  significantly  decreased  by  separating  the  donors  from 
the  wells  when  a  large  electron  population  is  required.  In 
view  of  our  results  and  using  a  self-consistent  solution,  we 
reanalyzed  a  previous  experiment  where  the  broadening  was 
measured  as  a  function  of  donor  separation  from  the  well.12 
We  deduce  that  the  main  cause  for  the  reduction  in  linewidth 
observed  in  donor-well  separation  was  the  resultant  reduc¬ 
tion  in  the  well’s  ground  state  population  rather  than  the 
increased  donor-electron  separation  itself. 

In  conclusion,  we  observed  an  increase  of  the  intersub¬ 


band  absorption  linewidth  with  increasing  electron  density 
using  field-induced  charge  transfer  and  thermally  induced 
charge  transfer.  This  increase  is  attributed  mainly  to  the  sub¬ 
band  filling. 
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